In this research, the hot-wire gas tungsten arc welding (GTAW) process was developed to create a sound bead having a high WC content ratio and uniform dispersion of WC particles in order to improve the abrasion resistance of a hard-faced layer. The effect of the welding parameter on welding phenomenon and weld bead properties, i.e. the content ratio and distribution of WC, were investigated in detail to achieve the optimum welding conditions. In addition, an abrasion test was carried out using the specimen produced using the obtained conditions to evaluate the abrasion resistance property. The weld bead using the hot-wire GTAW process by employing the optimum conditions showed the high content ratio and uniform distribution of WC particles, and it could achieve the high abrasion resistance.
Introduction
In the mining industry, especially in the oil sand industry, a protective layer having a high abrasion performance is required onto a base material of a mining machine, a pipe and so on. The abrasion issue deteriorates the productivity and the equipment life, therefore overlay welding is used to create a hard thick layer onto a component in order to improve the abrasion resistance and also to reduce the overall maintenance cost [1] [2] [3] . A Ni-WC composite material for overlay welding is one of attractive materials for the mining field due to the high abrasion resistance. Gas Metal Arc
Welding (GMAW) and Plasma Transferred Arc Welding (PTAW) have been applied as a hard-facing welding process with the Ni-WC composite material. Although GMAW is useful for the actual field, the large heat input leads to dissolution of WC particles and high dilution ratio of base metal when a high-efficient condition. It is difficult to achieve both advantages as the high deposition rate and the low heat input by using GMAW. Fig. 1 shows an example cross-section of a weld bead produced by PTAW with Ni-WC powder. The photo indicates the region without WC particles at the top of the bead, and the region results in severe deterioration of the abrasion resistance 4, 5) . It is also difficult to reduce the non-uniform distribution and sinking of WC particles because a low welding speed, high heat input and large molten pool must be employed during PTAW 6) .
The aim of this study is to develop the novel hard-facing welding process achieving a high efficiency and high quality using Gas Tungsten Arc Welding (GTAW) with the hot-wire system. This process has advantages, namely a high deposition rate, low heat input (rapid solidification rate) and high welding speed since melting of a filler wire and base material can be controlled separately 7) . These advantages can lead to the high content ratio and uniform distribution of WC particles in a weld bead, and these properties can improve the abrasion resistance.
The effect of welding parameters on welding phenomenon and weld bead formation were investigated in order to optimize the welding conditions. The abrasion test was carried out to evaluate the abrasion resistance property of the obtained bead using the optimum welding conditions. 
Experimental procedure

Materials and welding conditions
A mild steel plate (SS400, length: 200 mm, width: 50mm, thickness: 9 mm) was used as a base material. A nickel sheath cored wire (diameter: 1.6 mm) containing crushed particles of tungsten mono-carbide (grain size: 45~350 μm) and trace boron.
Typical sharp-edged and crushed WC particles were shown in Fig.   2 . The chemical composition of the Ni-WC filler wire can be seen in Table 1 . Table 2 shows the welding conditions. The wire feeding position of the filler, which was the distance between the center of an electrode and the tip of the filler wire in the welding direction, was changed to observe its effect on filler wire melting during hot-wire GTAW. The filler wire was fed from the backward of a molten pool and the wire feeding angle was fixed as 60 degree. The Joule heating distance from an electric supply point to a tip of a wire was 64 mm. The optimum wire current was applied, which can heat up the filler wire tip up to the solidus temperature by Joule heating. The weaving system of an electrode and a filler wire was used in order to obtain a large bead width and a low dilution of a base metal. The weaving width of 5 mm and the frequency of 10 Hz were applied. It is important to point out the fact that the welding speed and wire feeding speed, namely the efficiency, are much higher than these of GMAW and PTAW. Table 1 Chemical compositions of the filler wire Table 2 Welding conditions of hot-wire GTAW
Observation and measurement
A high-speed camera was used for the in-situ observation of welding phenomenon. The sample produced by using the hot-wire GTAW method was cross-sectioned and polished to reveal the microstructure and the content ratio of WC particle, which was observed and measured by a Scanning Electron Microscope (SEM). The bead shape, dilution ratio of a base metal and the content ratio (area ratio) of WC particles were measured from the bead cross-section by using the image analysis software (Image-Pro).
Abrasion test
Test specimen having six passes in one layer onto the mild steel plate was made by using the hot-wire GTAW method with the same welding condition as shown in Table 2 . The overlay specimen was machined to obtain a flat surface of 76 l ×25 w ×10 t mm for an abrasion test. The abrasion test was performed in accordance with ASTM G65-04 standard using procedure A (dry sand rubber wheel apparatus as shows in Fig. 3 ). The abrasion resistance was evaluated by the amount of a mass loss during the test. Silica sands as shown in Fig. 4 , whose diameter was varied from 211 to 297 μm, was used as a friction material. The rotation speed of the rubber wheel was 200 rpm, the test time was 30 min and the wheel load was 130 N. The mass loss during the test was recorded twice consecutively. 
Result and discussion
High-speed video camera images and measurement results of the WC content ratio with changing the wire feeding position are shown in Fig. 5 . High-speed video camera images indicate that the filler wire insertion into the molten pool is stable when the wire feeding position is 3 mm. On the other hand, a small hole was generated at the tip of the filler wire, and some WC particles are scattered from the hole when the wire feeding position is 2 mm. The above phenomenon should be caused by the short distance between the electrode and the filler wire tip. The sheath of the filler wire tip was easy to be melted by the arc heating and WC particles was also scattered by the arc force under the short distance condition. The content ratio of WC particles using the position of 2 mm is less about 4% than that of using the position of 3 mm. From these results, it is necessary to take the optimum distance between the electrode and the filler wire tip.
The SEM image of the bead cross-section produced using the wire feeding position of 3 mm is shown in Fig. 6 . The content ratio and the measurment region within the bead is also indicated in Fig. 6 . It is clear from Fig. 6 that the bead welded using the hot-wire GTAW process does not have the region with the low content ratio of WC particles compared with the bead welded using the PTAW process as shown in Fig. 1 , in other words the bead welded by hot-wire GTAW process has more uniform distribution of WC particles. The uniform distribution and high content ratio of WC particles can be achieved from the higher solidification speed of a weld metal and a smaller molten pool come from the lower heat input by using the hot-wire GTAW process compared with conventional welding processes, namely GMAW and PTAW. A microstructure of the weld bead is shown in Fig. 7 . The black part indicates a WC particle. The angular shape of the WC particle can be seen even in the welded bead. This implies that the WC particle hardly dissolute during welding and solidifying because of the low heat input during hot-wire GTAW.
The result of the abrasion test is shown in Fig. 8 From the above investigation, the proposed hot-wire GTAW method must be the promising process which can produce the sound hard-facing layer having the high abrasion resistance with the high efficiency and low equipment cost. 
Conclusions
The hot-wire GTAW method was proposed as the novel welding process for hard-facing with the filler wire contained the WC particle. The effect of the welding condition on filler wire melting and weld bead formation was investigated using a high speed camera and SEM imaging. The abrasion test was carried out to evaluate abrasion resistance property of a weld bead. As the result from this study can be summarized as follows:
1. It is necessary to take the optimum distance between the electrode and the filler wire tip in order to avoid the excessive heat input onto the wire tip and scatter of WC particles.
2. The uniform distribution and the high content ratio of the WC particle, the fine sharp-edged WC particle and the short spacing between adjacent WC particle can be obtained by using hot-wire GTAW process. These sound properties comes from the low heat input and rapid solidification rate of the hot-wire GTAW process, and that can also promote the abrasion resistance of the weld bead.
3. The proposed hot-wire GTAW method must be the promising process which can produce the sound hard-facing layer having the high abrasion resistance with the high efficiency and low equipment cost.
